In irrigated semi-arid areas, nutrient pollution from agriculture from irrigation return 13 flows is one of the most important surface water quality problems and can lead to 14 eutrophication. In this study a new phosphorus index called IPreg has been adapted as a 15 management tool for application to irrigated farming systems and then applied within 16 "Las Filadas" drainage basin (Spain) at a plot scale. Two new transport factors related 17 to the irrigation management system were introduced: (1) the seasonal irrigation 18 performance index and (2) the efficiency of the mean irrigation dose that represents 19 average water losses below the root zone when an average irrigation dose is applied. 20
Introduction 29
An increase in nutrient levels in fresh water bodies leads to undesirable changes in 30 ecological equilibrium and has been detected in recent decades. The P enrichment in 31 water bodies may contribute to their eutrophication (Carpenter et al., 1998) . This 32 phenomenon may occur in surface waters having P concentration as low as 0.02 mg l -1 33 (Sharpley & Rekolainen, 1997) . In agricultural systems, several studies suggest that mostmaking their practices more environmentally sustainable. Consequently, measures and 48 tools to assess diffuse P losses are required. 49
The transfer of P from soils to surface waters is a complex function of climate, 50 topography, soil type and land management and varies both temporally and spatially 51 (Heckrath et al., 2008) . Several models on phosphorus diffuse pollution have been 52 developed in order to identify management practices that could reduce P losses. These 53 models fall into two broad categories: numerical models that give a quantitative 54 evaluation of P loss and models based on indices for predicting qualitatively the relative 55 risk of P losses to surface waters (Lemunyon & Gilbert, 1993; Sharpley et al., 2003; van 56 Bochove et al ., 2006) . The numerical models, such as the Soil and Water Assessment 57
However, such models usually require large quantities of detailed input data which are 59 not always available; the result is that it is difficult for farmers or other stakeholders to 60 be end-users of such models. The need is for more user-friendly and simpler tools to 61 evaluate the risk of P loss. Input data are widely available for phosphorus indices which 62 loam soils. Although preferential flow may play an important role in the nutrient 128 transport, especially in the presence of a subsurface drainage network, the weight 129 assigned to the PF factor was only 1.0. This lower weight was assigned to PF due to the 130 simplifications and limitations in the methodology for estimating the PF factor. Both the 131 CD and PF factors are very important in assessing P transport risk as they reflect the 132 hydrological connectivity from land to surface water bodies. 133 5. For the types of irrigation systems (IS), five risk classes, each corresponding to a 134 group of irrigation systems, were defined according to their ability to induce surface 135 runoff and erosion (Table 1) . 136 6. The SIPI represents a simplification of the standard irrigation efficiency concept 137 defined by Burt et al. (1997) . The SIPI is defined as the ratio expressed as a percentage 138 of net irrigation requirement (NIR) to total applied water in the season and NIR is 139 calculated as crop evapotranspiration minus effective precipitation (Faci et al., 2000) . 140
7. The IDE estimates the average water loss below the root zone in a single irrigation 141 event when an average irrigation dose was applied. The IDE was calculated as the 142 difference between the average irrigation amount applied to the crop and the total 143 available water in the soil (TAW). 144
The highest weights (2.0) were assigned to the SIPI and IDE (the factors directly related 145 with water use management) in order to incorporate into the IPreg the high impact on P 146 transport attributed to irrigation water management. The other transport factors were 147 assigned a weight of 1.0 to reflect their lower impact compared to the irrigation water 148 Table 1 . 150
P source component (PSC) 151
The P source factors considered in IPreg were (i) the soil P test (P test ), (ii) the P excess 152 (P exc ), and (iii) the P fertilizer application method. All these individual factors are 153 multiplied by their weights and added to yield the PSC. 154
1. The P test is intended to identify the soils with a P excess deemed high enough to 155 contribute to nonpoint source pollution. The P soil tests most commonly used today are 156
Bray and Kurtz P-1, Mehlich 1, Mehlich 3, and Olsen P. Phosphorus extracted by the 157
Bray and Kurtz P-1 method has been shown to correlate well with crop yield response 158 on most acid and neutral soils. Kuo (1996) reports that the Mehlich 1 soil test is 159 unreliable for calcareous or alkaline soils because it extracts large amounts of nonlabile 160 P in soils with pH > 6.5. In practice the Mehlich 3 test is used because it is well suited to 161 a wide range of soils, both acidic and basic. However, the Olsen P method is best suited 162 for calcareous soils, particularly those with > 2% calcium carbonate, but has been 163 shown to be reasonably effective also for acidic soils (Fixen and Grove, 1990). As 164 calcareous soils dominate arid and semi-arid areas where most irrigation takes place, the 165
Olsen P test was selected as the most adequate for the P test factor to include in IPreg. 166
The depth of the soil layer to measure P test depends on soil type, surface slope, rainfall 167 intensity and crop residue. Sharpley (1985) states that for most agricultural soils, a 168 depth of 20 mm would define accurately the effective depth of runoff interaction 169 generated by moderate to high rainfall intensity (< 50 mm/h). Thus, the P test (Olsen P) in 170 the upper 30 cm layer was selected for IPreg as it shows the P available for leaching by 171 soil analysis interpretation given by López Ritas (1978) (the soil P content is considered 173 high when soil Olsen P is ≥ 25 ppm for a medium soil texture). 174 2. The P excess factor (P exc ) was calculated as the difference between P inputs (both 175 fertilizer and manure) and crop P uptake. The P manure indicates the quantity of P from 176 manure applied in each plot, the P mineral estimates the quantity of P from phosphated 177 mineral fertilizers used for crops at plot scale and P uptake estimates the seasonal 178 quantity of P in crop harvests. The amount of P exported by crops was estimated as the 179 product of the average crop yields and their phosphorus contents. 180
The two factors P test and P exc are important in intensive agricultural systems and have a 181 great impact on P loss and therefore they were assigned the highest weight (2.0). The 182 five risk classes adopted for the P test and P exc are presented in Table 1 . 183 3. For applying organic or inorganic fertilizers, the same risk classes and weights 184 defined in the original P index by Lemunyon & Gilbert (1993) were chosen (Table 1) . 185
186

IPreg algorithm 187
A general IPreg flow diagram and algorithm are presented in Figure 1 and Table 1,  188 respectively. The range for the sum of the weighted PTC factors is 0-72 (sum of weights 189 = 9; maximum score = 8), and this was divided by 72 to limit the PTC range from 0 to 1 190 (Table 1 ). The PSC (sum of the weighted PSC factors) ranges from 0 to 44 (Table 1) ; 191 and thus the product of PTC (0 to 1) and PSC (0 to 44) was multiplied by 2.27 to 192 achieve a final IPreg in the range 0 to 100. This final IPreg was assigned to one of the 193 five classes of P loss risk: very low, low, moderate, high and very high ( Table 1) 
Phosphorus transport component (PTC) 230
The RUSLE estimation of the erosivity factor (R) uses the maximum 30-min rainfall 231 intensity data. However, the precipitation data in the study area were only available on a 232 daily basis. Thus, the RUSLE factor R was estimated from the daily precipitation 233 and using a Geographic Information System (ArcGIS 9.0). The C factor (cover-243 management) was parameterised incorporating information about land use data, 244 agricultural practices and type of irrigation system. The P factor (conservation practices) 245 was taken to be equal to 1 because conservation practices were not used in the study 246
area. 247
The runoff curve number (USDA-SCS, 1972) was determined for each plot from a 248 matrix using information on land use, cultural practice, hydrologic condition and soil 249 hydrologic group (determined as a function of surface soil texture). All these calculated 250 factors were then used to estimate the soil erosion rate (E) following Renard et al. 251 (1991) . 252
The contributing distance (CD) was taken as the shortest distance from the edge of field 253 to the nearest ditch and was calculated using GIS No relationship between soil texture and P Olsen content was found. The large 282 variability in average soil P content (from 6 to 45 ppm) was due to the combination of 283 different factor including soil characteristics, soil use and fertilizer practices. In the 284 deeper soils, average soil P content decreased with depth (data not shown) and had very 285 low values in the deeper layers (data not shown). In shallow soils (depth < 60 cm), noAccording to López Ritas (1978), the P content in soil units 3 and 9 was considered 288 high (≥ 25 ppm for medium and coarse soil texture and ≥ 13 ppm for fine soil texture) 289 and therefore fertilizer application was not necessary (Table 2 ). In the upper layer of 290 soil units 3, 6, 8, 9 and 11, P content was high and so these units could be relevant 291 sources of P. 292
The average applied seasonal irrigation water was 8155 m 3 ha -1 which is in the normal 293 range for surface irrigated systems in the Middle Ebro Valley. Table 3 shows that 294 sunflower and ray-grass net irrigation requirements (NIR) were not met by irrigation 295 (NIR > average water applied, WU). Thus, no water losses were assumed from the 296 sunflower and ray-grass cultivated fields as long as the applied irrigation dose was equal 297 or lower than the soil TAW. For the rest of crops, the applied water exceeded the NIR 298 (WU > NIR; Table 3 ). Therefore the drainage originating from these over-irrigated 299 areas (94 % of total area) led to high irrigation return flows and could potentially have 300 lead to high P losses. The average irrigation was > 100 mm for alfalfa, corn and winter 301 cereal. Wheat and barley required a greater amount because they received, in general, 302 only 1 or 2 Spring irrigations; the higher rates were justified for alfalfa and corn by their 303 higher economic return (Table 3) . Only 26 % of total area received average irrigation 304 less than the TAW. In those plots no P loss risk can have occurred if the irrigation 305 events were sufficiently separated in time and the uniformity of applied water was good. 306
The P fertilizer applications (expressed in P 2 O 5 ) were >100 kg ha for wheat and barley (Table 3) . These 308 fertilizer rates were more than sufficient for soils with a P Olsen content > 5 ppm 309 30 cm ranging from 9 ppm to 75 ppm, indicating excessive P fertilizer application. 311
Also, the P in the harvested crops was lower than the P fertilizer applied to the main 312 crops, except for wheat (Table 3) 
Application of the Phosphorus index (IPreg) to the study area 317
The average soil potential loss (E) was ca. 0.787 t ha other hand, the classes of medium (50 mm < IDE < 100 mm) and high (100 mm < IDE 336 < 200 mm) IDE risk each represented 19 % of the total area (1884 ha in total). The 337 majority of these high IDE risk plots were in the central part of the study area. 338
There were no plots within 10 m of the streams (contributing distance factor, CD). The 339 plots with CD > 300 m represented 30 % of the total area (1470 ha) and were assumed 340 not to contribute to the P transfer by this factor. In the study area, the irrigation system 341 factor (IS) did not have a great impact because most of the area had the same surface 342 irrigation system and a low potential for P transport risk (all the area was included in the 343 low risk class for IS). This will change after modernization of the study area. 344
The soil P risk (Figure 3a ) was medium (available P Olsen in the soil layer 0-30 cm 345 between 10 and 25 ppm) in 80 % of the plots (57 % of total area). The area in the high 346 and the very high classes was very important (40 % of total area). These results were 347 due to different management practices (higher irrigation and fertilizer doses). However, 348 the high and very high risk classes for P excess (Figure 4b The global analysis of management practices and results from soil sampling in the study 364 area showed that irrigation and P fertilizer rates were excessive in 2007, and that P 365
Olsen soil content was generally high. The high drainage water P concentration 366 measured at the outlet of the catchment (0.16 mg l -1 on average) indicated P export from 367 the cultivated soils. Measuring the P export from each cultivated plot reaching the 368 surface waters is extremely difficult. However, use of IPreg helped to identify potential 369 P loss from all the plots in the study area and thus it was possible to assign each to one 370 of the five risk classes. Corn and alfalfa cultivated plots had the highest IPreg values in 371 the study area as a result of the large volumes of applied irrigation water and excessive 372 phosphorus fertilizers. Also, plots on which organic fertilizers (especially pig slurry) 373 were used had a higher IPreg than the others and the same was found with phosphorus-374 rich soils. The IPreg results indicate the need to modify fertilizers and irrigation 375 management in some plots in order to improve the quality of the IRF. The inclusion of irrigation efficiency through SIPI introduced a degree of uncertainty 389 due to the use of the maximum crop evapotranspiration (ETc) rather than actual crop 390 evapotranspiration (ETa). However, this simplification of actual crop water uptake is 391 only important in surface irrigation systems. In sprinkler irrigation systems, ETr is in 392 general similar to ETc (Skhiri & Dechmi, 2012) . However, the rate of the water erosion 393
(factor E) could be a major source of uncertainty in the PTC calculation because the 394 eroded soil can be deposited at various locations in the drainage network. Improving the 395 estimation of the potential risk induced by the erosion process through a soil delivery 396 ratio is important primarily for sprinkler irrigation systems. 397
398
Conclusion 399
The application of IPreg in the semi-arid case study allowed identification of critical 401 areas for P transfer as induced by high irrigation treatments and excessive applications 402 of phosphorus fertilizers. However, IPreg as presented in this paper must be regarded as 403 a first approximation. The study shows that IPreg can be applied to medium-sized 404 irrigated areas using basic soil and management information and yielded results which 405 indicated the main management issues causing P losses. Results must be compared with 406 data from actual plots or single-use irrigation basins where P exports can be determined 407 in order to assign weights and to establish ranges for risk classes for each factor that 408 best suit observed P export rates. This calibration process may also reveal the need for 409 new factors for inclusion. IPreg results with calibrated weights and class definitions 410 must be further validated with additional observations. This laborious and intensive 411 data-demanding process is the next step to be carried out in the development of IPreg as 412 more detailed information about management practices and P losses become available. 413
Further field verification is necessary before general acceptance of the results, but IPreg 414 as described can be used as a screening tool to identify irrigated areas subject to a 415 critical risk of P loss. Table 2 . Description of the soil units in the study area: Percent area occupied (Surface); 593 average slope, soil depth, total available water (TAW), and phosphorus Olsen content 594 (P); and textural class (Texture). The standard deviation is given in brackets for P. 595 
